(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 

(43) International Publication Date 
15 July 2004 (15.07.2004) 




mill! 


Dim 


lllllllll 


nun 


inn 


in 


iiiiihiiiiihii 



PCT 



(10) International Publication Number 

WO 2004/059707 A2 



(51) International Patent ClassiGcation 7 : 
(21) International Application Number: 



H01L 21700 



PCT/US2003/040586 

(22) International Filing Dale: 

18 December 2003 (18.12.2003 ) 



(25) Filing Language: 

(26) Publication Language: 
(30) Priority Data: 



English 
English 



10/327,467 



20 December 2002 (20. 1 2.2002) US 



(71) Applicant: APPLIED MATERIALS, INC. [US/US]; 
P.O. Box 450A, Santa Clara, CA 95052 (US). 

(72) Inventors: WANG, Shulin; 959 Steinway Avenue, Camp- 
bell, CA 95008 (US). SANCHEZ, Errol, Antonio, C; 
5291 Gilford Court, Dublin, CA 94658 (US). CHEN, Ai- 
hua; 2278 Quail Bluff Place, San Jose, CA 95121 (US). 

(74) Agents: BERNADICOU, Michael, A. et a!.; Blakely, 
Sokoloff, Taylor & Zafman LLP, 12400 Wilshire Boule- 
vard, 7th Floor, Los Angeles, CA 90025 (US). 



(81) Designated Slates (national)'. AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, CO, CR, 
CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, GB, GD, 
GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE. KG, KP, KR, 
KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, 
MW, MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, 
SC, SD, SE, SG, SK, SL, SY, TL TM, TN, TR, TT, TZ, UA, 
UG, UZ, VC, VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (BW, GH, 
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, SE, 
SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two- letter codes and otfier abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



< 



OS 
IT) 



^ (54) Title: 
2 FILM 



A METHOD AND APPARATUS FOR FORMING A HIGH QUALITY LOW TEMPERATURE SILICON NITRIDE 



(57) Abstract: A method of forming a silicon nitride film is described. According to the present invention, a silicon nitride film 
is deposited by thermally decomposing a silicon/nitrogen containing source gas or a silicon containing source gas and a nitrogen 
containing source gas at low deposition temperatures (e.g., less than 550°C) to form a silicon nitride film. The thermally deposited 
silicon nitride film is then treated with hydrogen radicals to form a treated silicon nitride film. 



BNSDOCID: <WO_ 



_2OO4059707A2J_> 



WO 2004/059707 



PCT/US2003/040586 



A METHOD AND APPARATUS FOR FORMING A HIGH QUALITY LOW 
TEMPERATURE SILICON NITRIDE FILM 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

[0001] The present invention relates to the field of thin film formation and 
more particularly to a method and apparatus for forming silicon nitride films at 
low deposition temperatures and high deposition rates. 

2. DISCUSSION OF RELATED ART 

[0002] Modern integrated circuits are made up of literally millions and 
millions of transistors integrated together into functional circuits. In order to 
further increase the computational power or storage capability of integrated 
circuits, transistor feature size such as gate length and gate oxide thickness 
must be further scaled down. Unfortunately, as transistor gate lengths are 
continually scaled, the transistors electrical characteristics and performance can 
greatly change due to thermal redistribution of dopants in the device. As such, 
as devices are further scaled, the thermal budget used to manufacture the 
integrated circuit must also be reduced to insure consistent and reliable 
electrical performance of the device. That is, as device dimensions continue to 
shrink, the deposition and process temperatures used to form the thin films of 
the integrated circuit must also be reduced. The manufacture of integrated 
circuits having transistor dimensions of 65 nanometer technology and below are 
expected to require high quality thin films which can be formed at deposition 
temperatures of less than 550°C. 

[0003] Additionally, in order to further scale the semiconductor device, the 
thin films used to make the devices must be able to be formed with high 
compositional and thickness uniformity. In order to form films with extremely 
uniform thickness and composition the films generally need to be formed in 
single wafer deposition reactors. In order to form thin films in a single wafer 
reactor in a manufacturable amount of time their deposition rate should be at 
least 50A per minute. 
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[0004] Silicon nitride thin films deposited by thermal chemical vapor 
deposition (CVD) are used throughout the semiconductor fabrication processes. 
For example, thermal CVD silicon nitride films are used as spacer films, etch 
stops, as well as capacitor and interpoly dielectrics. Unfortunately, present 
techniques of forming high quality silicon nitride films in a single wafer reactor 
utilizing thermal chemical vapor deposition require high deposition temperatures 
of greater than 750°C and/or have low deposition rates at lower temperatures. 
In most silicon nitride deposition processes, if the deposition temperature is 
decreased to less than 550°C the deposition rate is greatly reduced and can go 
to zero. Additionally, when silicon nitride films are deposited at low 
temperatures or at high deposition rate the quality of the film is generally poor. 

[0005] Thus, what is needed is a method of forming a high quality silicon 
nitride film by thermal chemical vapor deposition (CVD) at low deposition 
temperature, less than or equal to 550°C and at a manufacturable deposition 
rate of greater than 50A per minute. 
SUMMARY OF THE INVENTION 

[0006] A method of forming a silicon nitride film is described. According 
to the present invention, a silicon nitride film is deposited by thermally 
decomposing a silicon/nitrogen containing source gas or a silicon containing 
source gas and a nitrogen containing source gas at low deposition temperatures 
(e.g., less than 550°C) to form a silicon nitride film. The thermally deposited 
silicon nitride film is then treated with hydrogen radicals to form a treated silicon 
nitride film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] Figure 1 is an illustration of a flowchart setting forth a method of 
forming a silicon nitride film in accordance with the present invention. 

[0008] Figure 2 is an illustration of a flowchart depicting a method of 
forming a silicon nitride film in accordance with an embodiment of the present 
invention. 
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[0009] F--^rcc-3A-3C are cross-sectional illustrations of a method of 
forming a semiconductor device having sidewall spacers formed from silicon 
nitride film in accordance with the present invention. 

[0010] Figure 4 is an illustration of an apparatus which can be used to 
form a silicon nitride film in accordance with the present invention. 

[001 1] Figure 5 is an illustration of cluster tool which can be used to form 
a silicon nitride in accordance with the present invention. 
DETAILED DESCRIPTION OF THE PRESENT INVENTION 

[001 2] The present invention is a high quality silicon nitride film which can 
be formed at a low deposition temperature. In the following description 
numerous specific details, such as deposition and anneal equipment have been 
set forth in order to provide a thorough understanding of the present invention. 
However, one of ordinary skill in the art will realize that the invention may be 
practiced without these specific details. In other instances well known 
semiconductor processes have not been described in particular detail so as to 
avoid unnecessarily obscuring the present invention. 

[0013]The present invention is a novel method and apparatus for forming 
a high quality silicon nitride film at a low deposition temperature of less than 
550°C by thermal chemical vapor deposition (CVD). An example of a method of 
depositing a silicon nitride film is generally illustrated in the flow chart of Figure 
1 . According to the first step of the present invention, as set forth in block 1 02 of 
Figure 1, a process gas mix comprising a silicon/nitrogen containing source gas 
or a silicon containing source gas and a nitrogen containing source gas, is 
thermally decomposed in a chamber at a deposition temperature (substrate 
temperature) of less than or equal to 550°C and ideally less than 500°C to 
produce silicon species and nitrogen species from which a silicon nitride film is 
deposited. The source gas or gases are chosen to enable a silicon nitride film to 
be formed by thermal chemical vapor deposition at a deposition rate of at least 
50A per minute and ideally at least 100A per minute at low deposition 
temperatures (i.e., substrate or wafer temperature) of less than or equal to 
550°C. 
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[0014] A silicon containing source gas or a silicon/nitrogen containing 
source gas which can be used to produce a silicon nitride film by thermal 
chemical vapor deposition at sufficiently high deposition rates at a low 
temperatures includes, for example, hexachlorodisilane (HCD or Si 2 CI 6 ) and 
organo silicon containing gases, such as 1,2 diethyl-tetrakis (diethylamino) 
disilane, 1,2-dichloro-tetrakis (diethylamino) disilane, hexakis (N-pyrrolidino) 
disilane, and other chlorinated or non-chlorinated alkyl-amino-di or rnono-silane 
R 2 N-Si(R 2)-Six (R*2)y-NR 2 (x=y=0 or 1; R.R^any combination of CI, or methyl, or 
ethyl, or iso-propyl, or other alkyl groups, or another alkylamino group, or cyclic 
group containing N, or a silyl group). 

[001 5] The silicon source gas (precursor) or the silicon/nitrogen source 
gas (precursor) used to form a silicon nitride film at low temperatures in 
accordance with the present invention has a weak silicon to silicon single bond 
(i.e., Si-Si single bond) to enable the molecule to easily decompose at low 
temperature. Additionally, the silicon source gas or the silicon/nitrogen source 
gas also ideally has a chlorine (CI) atom and/or a nitrogen (N) atom bonded to 
each of the silicon atoms having a weak single bond. That is, the silicon source 
gas or the silicon/nitrogen source gas ideally has a Si-CI functional group and/or 
a Si-N functional group continuous to the weak Si-Si single bond. This is critical 
to improved step coverage and microloading specially for ever decreasing 
temperatures at suitable deposition rates. In embodiments of the present 
invention, the silicon source gas or the silicon/nitrogen source gas has weak 
silicon to silicon single bond wherein the other three bonds of each of the silicon 
atoms are bonded to either a nitrogen (N) atom or a chlorine (CI) atom and 
ideally are bonded to a nitrogen atom and a chlorine atom. In embodiments of 
the present invention, the silicon source gas or the silicon/nitrogen source gas 
includes organo groups where an organo group is ideally bonded to a nitrogen 
atom which is bonded to a silicon atom having a single bond with another silicon 
atom. Alternatively, an organo group can be bonded directly to a silicon atom 
having a weak single bond with another silicon atom. The silicon source gas or 
the silicon/nitrogen source gas are ideally symmetrical molecules. 
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[00 16] A nitrogen source gas or precursor which can be used xo deposit a 
silicon and nitrogen containing film at low temperatures in accordance with the 
present invention includes but is not limited to ammonia (NH 3 ) or N 2 H 4 . The 
nitrogen source gas ideally contains a weak nitrogen-nitrogen single bond (i.e., 
N-N single bond) to enable easy decomposition of the nitrogen source gas at 
low temperature. Additionally, when a silicon/nitrogen containing source gas is 
used in the process gas mix, some amount of a nitrogen source gas will typically 
also be included in the gas mix for flexible control over the composition of the 
deposited film during the film deposition. 

[001 7] Because the silicon nitride film is deposited at a low temperature 
and high deposition rate, the silicon nitride film is typically initially of poor quality 
film. That is, the initial "as deposited" silicon nitride film can have, for example, a 
high total hydrogen concentration (e.g., greater than 15 atomic percent) with Si- 
H form of significant fraction, a high carbon concentration (e.g., greater than 10 
atomic percent) if an organic silicon precursor is used, a high chlorine 
concentration (e.g., greater than 1 atomic percent) if a chlorinated silicon 
precursor is used, a low refractive index (e.g., less than 1 .85) and a high wet 
etch rate (e.g., more than two times the etch rate of silicon oxide utilizing an 
oxide etch, such as a buffered oxide etch (BOE)). 

[0018] In order to improve the quality of the as deposited silicon nitride 
film as set forth in block 104 of Figure 1 , the film is treated with hydrogen 
radicals for a predetermined period of time in order to improve the quality of the 
film (e.g., reduce the total hydrogen concentration to less than 10 atomic percent 
or reduce the fraction of Si-H forms or reduce the carbon concentrations to for 
example less than five atomic percent or reduce the chlorine concentration to for 
example less than one atomic percent or increase the refractive index to for 
example greater than 1 .90, or decrease the wet etch rate to for example 
approximately the same (1:1) etch rate of silicon oxide utilizing an oxide etch, 
such as BOE). The hydrogen radicals can be formed by, for example, plasma 
decomposition (either insitu or remote) or a "hotwire" decomposition of a 
hydrogen containing gas, such as ammonia (NH 3 ) and hydrogen (H 2 ). The as 
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deposited silicon nitride film can be treated with hydrogen radicals at a flux 
between 5x1 0 15 atomic/cm 2 - 1x 10 17 atoms/cm 2 . During the hydrogen radical 
treatment the substrate is heated to a low temperature of between 450-600°C. 
A sufficient treatment can typically occur within 15-120 seconds. The process of 
the present invention enables a high quality silicon nitride film to be formed by 
thermal chemical vapor deposition at a low deposition temperature and at a 
manfacturably high deposition rate (e.g., greater than 50A/min). The low 
deposition temperature enables the silicon nitride film to be used in 
semiconductor circuit manufacturing processes at application or locations after 
transistor or active device formation because the deposition temperature is 
sufficiently low not to dramatically affect the thermal budget of the device or alter 
dopant distribution therein. The high deposition rate of the silicon nitride film 
enables the process to be implemented in a single wafer reactor. 

[0019]An example of a method of depositing and treating a silicon nitride 
film in a single wafer reactor in accordance with an embodiment of the present 
invention is illustrated in flow chart 200 of Figure 2. The first step is to deposit a 
silicon nitride film by thermal chemical vapor deposition onto a wafer or 
substrate. A specific example of the silicon nitride deposition process is set forth 
in Figure 2 as block 201 of flowchart 200 and can comprise steps 202-210 of 
flow chart 200. The first step in depositing a silicon nitride film is to place the 
wafer or substrate into a chamber. Ideally the silicon nitride film is formed in a 
chamber of a reduced pressure single wafer cold wall reactor having a resistively 
heated substrate support for heating the wafer, such as the Applied Materials, 
Xgen Chamber. An example of a suitable chamber is shown and illustrated in 
Figure 4. 

[0020] Once the substrate has been placed into the chamber, the 
deposition pressure and temperature used to deposit the silicon nitride film is 
achieved. In an embodiment of the present invention, the deposition pressure at 
which the deposition of silicon nitride film occurs is between 10-350 torr. The 
deposition temperature (i.e., the temperature of the wafer or substrate) will 
depend upon the specific process gases (e.g., silicon containing source gas and 
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nitrogen containing source gas) used to deposit the silicon nitride film. The wafer 
or substrate temperature is less than or equal to 550°C and ideally less than 
500°C and generally between 550-450°C during the deposition process. Next, 
as set forth in block 206, the process gases are introduced into the deposition 
chamber. The process gas mix will include at least a silicon containing source 
gas (i.e., gas which can be decomposed to provide silicon atoms or silicon 
containing intermediate species for the deposition of the silicon nitride film) and 
the nitrogen containing source gas (i.e., a gas which can be thermally 
decomposed to provide a source of nitrogen atoms or nitrogen containing 
species for the deposition of a silicon nitride film). Alternatively, the process gas 
mix may include a silicon/nitrogen source gas which provides from a single 
molecule a source of both nitrogen and silicon atoms or nitrogen and silicon 
bearing intermediate species for the formation of silicon nitride film. When a 
silicon/nitrogen source gas is utilized, the process gas mix may also include a 
nitrogen source gas and/or a silicon source gas or may include just the 
silicon/nitrogen source gas without additional sources of nitrogen and silicon. 

[0021] The nitrogen containing source gas can include but is not limited to 
ammonia (NH 3 ) and hydrazine (N 2 H 4 ). In an embodiment of the present 
invention, the nitrogen source gas is provided into the deposition chamber prior 
to providing the silicon source gas into the chamber. Additionally, in an 
embodiment of the present invention, the nitrogen source gas has a weak 
nitrogen to nitrogen single bond (i.e., N-N single bond). 

[0022] The silicon source gas (precursor) or the silicon/nitrogen source 
gas (precursor) used to form a silicon nitride film at low temperatures in 
accordance with the present invention has a weak silicon to silicon single bond 
(i.e., Si-Si single bond) to enable the molecule to easily decompose at low 
temperature. Additionally, the silicon source gas or the silicon/nitrogen source 
gas also ideally has a chlorine (CI) atom and/or a nitrogen (N) atom bonded to 
each of the silicon atoms having a weak single bond. That is, the silicon source 
gas or the silicon/nitrogen source gas ideally has a Si-CI functional group and/or 
a Si-N functional group continuous to the weak Si-Si single bond. This is critical 
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to improved step coverage and microloading specially for ever decreasing 
temperatures at suitable deposition rates. In embodiments of the present 
invention, the silicon source gas or the silicon/nitrogen source gas has weak 
silicon to silicon single bond wherein the other three bonds of each of the silicon 
atoms are bonded to either a nitrogen (N) atom or a chlorine (CI) atom and 
ideally are bonded to a nitrogen atom and a chlorine atom. In embodiments of 
the present invention, the silicon source gas or the silicon/nitrogen source gas 
includes organo groups where an organo group is ideally bonded to a nitrogen 
atom which is bonded to a silicon atom having a single bond with another silicon 
atom. Alternatively, an organo group can be bonded directly to a silicon atom 
having a weak single bond with another silicon atom. The silicon source gas or 
the silicon/nitrogen source gas are ideally symmetrical molecules. 

[0023] In an embodiment of the present invention, the silicon source gas 
is hexachlorodisilane (HCD). A silicon nitride film can be formed by providing 
HCD and NH 3 or N 2 H 4 into the chamber. If HCD is utilized it may be mixed with 
an inert carrier gas, such as N 2 , prior to being introduced into the reaction 
chamber. It is to be appreciated that a carrier gas, such as N 2 is not reacted or 
does not thermally decompose at the deposition temperature of the reaction and 
as such does not participate in the reaction. In an embodiment of the present 
invention, HCD is provided into the reaction chamber at a rate between 10-200 
seem while between 500-5000 seem of nitrogen source gases provided. In one 
example, the HCD source gas and the nitrogen source gas have a flow rate of 
1:1 and 1:1000 and ideally between 1:1 and 1:500 respectively. Such a process 
can form a silicon nitride film at a deposition rate of approximately 80A/min at a 
wafer temperature of 530°C and at a deposition rate of approximately 50A/min 
at a wafer temperature of 480°C. 

[0024] In embodiment of the present invention, the silicon containing 
source gas is an organic silicon containing gas, such as 1,2 diethyl-tetrakis 
(diethylamino) disilane, 1 ,2-dichloro-tetrakis (diethylamino) disilane, hexakis (N- 
pyrrolidino) disilane, and other chlorinated or non-chlorinated alkyl-amino-di or 
mono-silane R 2 N-Si(R' 2 )-Six (R2VNR2 (x=y=0 or 1; R,R'=any combination of CI, 

8 



BNSDOCIO: <WO 200405S707A2_1_> 



WO 2004/059707 



PCT/US2003/040586 



or methyl, or ethyl, or iso-propyl, or other alkyl groups, or another alkylamino 
group, or cyclic group containing N, or a silyl group). A suitable silicon nitride 
film can be formed utilizing 1 ,2-dichloro-tetrakis (diethylamino) disilane a flow 
rate of 10-100 seem and a nitrogen source gas at a flow rate between 200-2000 
seem. A suitable silicon nitride film can be deposited from 1 ,2-diethrl-tetrakis 
(diethylamino) disilane at a flow rate between 10-100 seem and a nitrogen 
source gas at a flow rate between 200-2000 seem. Such a process can form a 
silicon nitride film at a deposition rate of about 80A/min at 530°C wafer 
temperature and at a deposition rate of about 50A/min at 480°C wafer 
temperature. 

[0025] Next, as set forth in block 208 of flow chart 200, heat from the 
heated substrate or substrate support causes the silicon/nitrogen source gas or 
the silicon source gas and the nitrogen source gas to thermally decompose. 
The thermal decomposition of the silicon source gas provides silicon atoms or 
silicon containing intermediate species. The thermal decomposition of the 
nitrogen source gas provides nitrogen atoms or nitrogen containing intermediate 
species. The thermal decomposition of a silicon/nitrogen source gas can 
provide both silicon atoms or silicon intermediate species as well as nitrogen 
atoms or nitrogen intermediate species. The silicon atoms or silicon containing 
intermediate species react with the nitrogen atoms or nitrogen containing 
intermediate species to deposit a silicon nitride film over the surface of the 
substrate. It is to be appreciated that in the present invention, the 
silicon/nitrogen containing source gas or the silicon source gas and the nitrogen 
source gas are thermally decomposed using only thermal energy, such as heat 
from the substrate or heat from the substrate support without the aid of 
additional sources of energy, such as photon enhancement or plasma 
enhancement. In an embodiment of the present invention, the silicon nitride film 
is deposited to a thickness between 10-150A with a thickness of less than 120A 
and ideally less than 80A being preferred. If thicker films are desired, multiple 
deposition/hydrogen radicals treatment cycles can be used to deposit thicker 
films as will be discussed later. 
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[0026] In an embodiment of the present invention, as set forth in block 
210, after deposition of a sufficiently thick silicon nitride film, the flow of the 
silicon source gas and nitrogen source gas is stopped. In an embodiment of the 
present invention, when the deposition of the silicon nitride is completed, the 
substrate can be optionally treated with the nitrogen source gas as set forth in 
block 210. Only the nitrogen source gas is introduced in the reaction chamber 
for about 10 seconds. Treating the silicon nitride film with a nitrogen source gas 
at the end of the deposition step terminates unreacted silicon sites on the 
substrate. This operation helps increase the N/Si ratio and reduce hydrogen 
(specifically in the Si-H bond form) in the silicon nitride film. However, operation 
210 is not necessary to achieve good silicon nitride films in accordance with the 
present invention. 

[0027] The process gas mix utilized in the present invention to deposit the 
silicon nitride film enables a silicon nitride film to be deposited by thermal 
chemical vapor deposition at a rate of at least 50A per minute and ideally at a 
rate greater than 100A per minute at low deposition temperature of less than 
550°C and ideally less than 500°C. 

[0028] Because the silicon nitride film is deposited at a high deposition 
rate and/or at a low deposition temperature, the "as deposited" silicon nitride film 
tends to be of poor quality. That is, the "as deposited" silicon nitride film tends to 
have a high hydrogen concentration of greater than 15 atomic percent 
significantly in Si-H forms and a low refractive index of less than 1.85 and a high 
wet etch rate (e.g., more than two times the etch rate of silicon oxide utilizing an 
oxide etch, such as buffered oxide etch (BOE)). Additionally, when a chlorinated 
and/or an organo silicon precursor is utilized, the film can also have a high 
chlorine and carbon concentration of greater than 1 .0 and 10 atomic percent 
respectively. Such a poor quality silicon nitride film is unsuitable for many 
applications of silicon nitride films in semiconductor device fabrication, such as 
spacers and interpoly dielectrics. 

[0029] According to the present invention, the "as deposited" silicon 
nitride film is treated with hydrogen radicals for a predetermined period of time to 
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improve quality of the "as deposited" film as set forth in block 212 of flow chart 
200. In an embodiment of the present invention, the silicon nitride film is 
exposed to hydrogen radicals at a flux between 5x1 0 15 atom/cm 2 - 1x1 0 17 
atoms/cm 2 and ideally at approximately 1x10 16 atoms/cm 2 . In an embodiment of 
the present invention, the silicon nitride film is treated with hydrogen radicals for 
between 15-120 seconds while heating the substrate to a temperature between 
450-600°C. The hydrogen radical treatment can occur at a pressure between 
100 militorr to 5 torr. 

[0030]The hydrogen radicals used for the hydrogen radical treatment can 
be produced in any suitable manner. In embodiment of the present invention, 
the hydrogen radicals are formed by plasma decomposition of a hydrogen 
containing gas which can be decomposed to provide a sufficient number of 
hydrogen radicals. Hydrogen radicals include all species of atomic hydrogen 
including highly activated neutral atomic hydrogen, and charged hydrogen ions. 
A suitable hydrogen source gas includes ammonia (NH 3 ) and hydrogen gas (H 2 ). 
In embodiment of the present invention, the hydrogen source gas includes a 
mixture of NH 3 and H 2 . In an embodiment of the present invention, the 
hydrogen treatment gas includes only NH 3 or only H 2 . Additionally, in an 
embodiment of the present invention, an inert gas, such as N 2 , Ar or He can be 
provided along with the hydrogen treatment gas. A hydrogen containing gas can 
be suitably disassociated to provide hydrogen radicals utilizing a microwave or 
radio-frequency source at a power between 200-2000 watts. The plasma 
decomposition of a hydrogen treatment gas can be accomplished in-situ or 
utilizing a remote plasma. In an in-situ process, the plasma and hydrogen 
radicals are generated in the same chamber in which the substrate having the 
silicon nitride film to be treated is located. An example of a suitable plasma 
chamber includes a capacitively-coupled PECVD or a high density plasma HDP 
chamber. In a remote plasma treatment, the hydrogen radicals and plasma are 
generated with microwaves in a chamber separated from the chamber in which 
the substrate having a silicon nitride film to be treated as located. In a remote 
plasma process, the plasma and hydrogen radicals are generated in a first 
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chamber (dissociation chamber or cavity) and then they flow through a conduit 
from the dissociation chamber and into a second chamber containing a 
substrate with a silicon nitride film to be treated. Any suitable remote plasma 
generator reactor can be used, such as but not limited to an Astex Astron, the 
Applied Materials Remote Plasma Nitridation RPN source, and the Applied 
Materials Advanced Strip Passivation Plus (ASP) Chamber. 

[0031] In an embodiment of the present invention, the hydrogen radicals 
are formed by a "hot wire" or catalytic decomposition of a hydrogen containing 
gas, such as ammonia (NH 3 ) and hydrogen gas (H 2 ) or combinations thereof. In 
a "hot wire" process, a wire or catalyst, such as a tungsten filament is heated to 
a high temperature of approximately 1 600-1 800°C and the hydrogen treatment 
gas fed over the filament. The heated filament causes the cracking or 
decomposition of the hydrogen treatment gas to form the hydrogen radicals. 
The hydrogen radicals then treat a silicon nitride film formed on a substrate 
located beneath filament. Although the filament has a high temperature, the 
substrate is still heated only to a low temperature of less than 600°C and 
preferably to less than 550°C during the treatment process. In yet another 
embodiment of the present invention, an inductive generated plasma may be 
utilized to generate the hydrogen radicals. 

[0032] In an embodiment of the present invention, the "as deposited" 
silicon nitride film is exposed to hydrogen radicals for a period of time and 
temperature and pressure to reduce the hydrogen concentration of the film to 
less than 10 atomic percent and/or to reduce the fraction of Si-H bonds as well 
as to increase the index of refractions to greater than 1 .9. If an organo silicon 
source gas is utilized the film can be treated until the carbon concentration in the 
film drops below five atomic percent. If a chlorinated silicon source gas is 
utilized the film can be treated until the chlorine concentration in the film drops 
below one atomic percent. In an embodiment of the present invention, the 
silicon nitride film is treated until the wet etch rate is approximately the same as 
silicon oxide utilizing a BOE. 
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[0033] Because the distance in which the hydrogen radicals can penetrate 
the silicon nitride film is limited to generally less than 100A and typically less 
than 50A by the low temperature process, a silicon nitride film of no more than 
150A and preferably no more than 100A is formed prior to hydrogen radical 
treatment. When thicker silicon nitride films are desired, multiple deposition and 
treatment cycles can be used. For example, if a 300A silicon nitride film is 
desired, first a 100A silicon nitride film can be deposited and then the silicon 
nitride film is treated with hydrogen radical. Next, a second 100A silicon nitride 
film would be deposited on the treated silicon nitride film and then the second 
silicon nitride film treated with hydrogen radicals. Next, a third 100A silicon 
nitride film would be deposited on the second silicon nitride film and it treated 
with hydrogen radicals. In this way, a high quality silicon nitride film can be 
formed to any thickness desired. 

[0034] The method of forming a silicon nitride film in accordance with the 
present invention, is ideal for use in the fabrication of semiconductor devices 
which require a low thermal budget and/or the prevention redistribution of 
dopants placed in a silicon substrate. One example, for the use of a silicon 
nitride film in accordance with the present invention, is in the fabrication of 
sidewall spacer. In such an application, a substrate, such as substrate 300 
shown in Figure 3A would be provided. Substrate 300 includes a 
monocrystalline silicon substrate or film 302 having a gate dielectric layer 304 
formed thereon. A gate electrode 306 having laterally opposite sidewalls is 
formed on the gate dielectric layer. Typically a pair of source/drain tip or 
extension regions 310 would be formed into the silicon substrate 302 in 
alignment with the laterally opposite sidewalls of gate electrode 306. 

[0035] Next, as shown in Figure 3B a low temperature silicon nitride film is 
formed accordance with the present invention, would be blanket deposited over 
the substrate of Figure 300. The thickness of the silicon nitride film 312 
depends upon the physical characteristics of the transistor being fabricated, and 
for a 65nm technology device would generally be at least 200A thick. According 
to the present invention, a silicon nitride film would be deposited as described 
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above utilizing a low deposition temperature at a high deposition rate. A silicon 
nitride layer having thickness of 100A or less and ideally less than 50A is first 
formed. The silicon nitride film is then be annealed with hydrogen radicals as 
described above. Next, if necessary, a second silicon nitride film is formed on 
the hydrogen radical treated first silicon nitride film. The second silicon nitride 
film would then be treated with hydrogen radicals as described above. Next, a 
third silicon nitride layer would be deposited by a low temperature chemical 
vapor deposition as described above. The third deposited silicon nitride layer is 
treated with hydrogen radicals as described above. The process is continued in 
this manner until a silicon nitride film 312 having a total thickness desired is 
formed. In some uses embodiments, a deposited or grown silicon oxide layer is 
formed prior to the silicon nitride layer, and therefore underlies the silicon nitride 
layer. Because the silicon nitride layer 312 is formed with a low temperature 
process and is treated with hydrogen radicals at a low temperature, the dopants 
forming the source/drain extensions 310 are not substantially moved or 
redistribute within substrate 302 during the silicon nitride. In this way, the 
electrical characteristics of the fabricated device would be consistent. 

[0036] Next, as shown in Figure 3C, after the formation of a sufficiently 
thick silicon nitride layer 312, silicon nitride 312 can be anisotropically etched to 
form sidewall spacers 314 which run along laterally opposite sidewalls of gate 
electrode 306. The anisotropic etch process removes the silicon nitride layer 
from horizontal surfaces, such as source/drain extension 310 and the top of gate 
electrode 306 while leaving silicon nitride on vertical surfaces, such as sidewalls 
of the gate electrode 306. After formation of the sidewall spacers 314, 
additional processing of the semiconductor device can occur, such as the 
formation of deep source/drain regions 316 and/or the formation of silicide 318 
on the source/drain regions. Sidewall spacers 314 allow offsetting of the deep 
source/drain regions and allow silicides, such as titanium silicide or cobalt 
silicide, to be formed on the source/drain regions and the top of the gate 
electrode in a self-aligned process as is well known in the art. 
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Apparatus for Formation of a Low Temperature Silicon Nitride Film 

[0037] The silicon nitride film of the present invention is ideally formed in a 
low pressure thermal chemical vapor deposition reactor. An example of a 
suitable reactor 400 is illustrated in Figure 4. In an embodiment of the present 
invention, the hydrogen radical treatment can occur in the same chamber as 
used to deposit the silicon nitride film. In order to treat the "as deposited" silicon 
nitride film with hydrogen radicals in the same chamber used to deposit the film, 
a remote plasma source can be coupled to a low pressure chemical vapor 
deposition reactor to provide a source of hydrogen radicals to the chamber. An 
example of a remote plasma generator source 801 coupled to a low pressure 
chemical vapor deposition reactor 400 is also illustrated in Figure 4. Coupling a 
remote plasma generator 801 to a thermal chemical vapor deposition reactor 
400 greatly improves the throughput of the present invention and enables the 
silicon nitride layer to be directly treated with hydrogen radicals after the silicon 
nitride deposition. Additionally, such an apparatus dramatically improves wafer 
throughput when successive deposition/treatment cycles are used to form thick 
silicon nitride films, such as silicon nitride films greater than 200A. 

[0038] Figure 4 illustrates a reactor vessel assembly (reactor) 400. Figure 
4 illustrates that the reactor 400 comprises a chamber body 406 that defines a 
reaction chamber 408 in which process gases, precursor gases, or reactant 
gases are thermally decomposed to form the silicon comprising film on a wafer 
substrate (not shown). The chamber body 406 is constructed of materials that 
will enable the chamber to sustain a pressure between 10 to about 350 Torr. In 
one exemplary embodiment, the chamber body 406 is constructed of an 
aluminum alloy material. The chamber body 406 includes passages 410 for a 
temperature controlled fluid to be pumped therethrough to cool the chamber 
body 406. Equipped with the temperature controlled fluid passages, the reactor 
400 is referred to as a "cold-wall" reactor. Cooling the chamber body 406 
prevents corrosion to the material that is used to form the chamber body 406 
due to the presence of the reactive species and the high temperature. 
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[0039] Resident in the chamber body 406 are a reaction chamber 408, a 
chamber lid 426, a faceplate (or shower head) 430, a blocker plate 428, and a 
resistive heating assembly 404. The resistive heating assembly 404 includes 
wire leads 412 running the length of a heater tube 414 that is made of nickel. At 
the end of the heater tube 414 is a heating disk 416 made out of sintered AIN. 
Within the heating disk 416 is one or more heating coil 418 made out of 
molybdenum. The wires 412 and the coil 418 are joined by brazing and are 
electrically conductive therein. The wires 412 are thermally insulated with AIN 
ceramic sleeves 420. The coil 418 provides most of the electrical resistance 
and therefore most of the reaction chamber 408 heating. At the end of the 
heating disk 416 is a recess called a pocket 422 and within the pocket 422 is 
placed a wafer (not shown). 

[0040] Figure 4 illustrates that the chamber body 408 further houses a 
lifter assembly 436. The lifter assembly 436 facilitates the moving of the wafer 
substrate (not shown) in and out of the reaction chamber 408. The lifter 
assembly 436 can be a stepper motor. The lifter assembly 436 moves the 
heater assembly 404 up and down along an axis 405 to facilitate the moving of 
the wafer substrate in and out of the reaction chamber 408. 

[0041] A substrate or wafer is placed into the reaction chamber 408 
through the entry port 434 by for example, a robotic transfer mechanism (not 
shown). In one embodiment, the robotic transfer mechanism couples to a 
transfer blade and the robotic transfer mechanism controls the transfer blade. 
The transfer blade inserts the substrate through the opening to load the 
substrate into the reaction chamber 408 and onto pocket 422 of the heating disk 
416. As the substrate is being loaded, the lifter assembly 436 lowers the heater 
assembly 404 and the heating disk 416 in an inferior direction along the axis 405 
so that the surface of the heating disk 41 6 is below the entry port 434. As the 
heating disk 416 is lowered, the substrate is placed in the reaction chamber 408. 
Once the substrate is loaded, the entry 434 is sealed and the lifter assembly 436 
moves or advances the heater assembly 404 and the heating disk 416 in a 
superior (e.g., upward) direction toward the faceplate 430. In one exemplary 

16 



BNSDOCID: <WO 2004059707A2_I_> 



WO 2004/059707 



PCT/US2003/040586 



embodiment, the advancement stops when the wafer substrate is a short 
distance (e.g., 400-900 mils) from the faceplate 430. 

[0042] In one exemplary embodiment, when ready for deposition or 
processing, process gases or precursor gases controlled by a gas panel 401 are 
introduced into the reaction chamber 408. The blocker plate 428 has a plurality 
of holes (not shown) to accommodate a gas flow therethrough. The process gas 
is introduced into the reaction chamber 408 first through the port 424, through 
the blocker plate 428, and then through the faceplate 430. The process gas is 
distributed from the port 424 through the plurality of holes in the blocker plate 
428 and then through the faceplate 430. The faceplate 430 uniformly distributes 
the process gas into the reaction chamber 408. 

[0043]The substrate can be removed from the chamber by for example 
inferiorly (lowering) the heater assembly 404. As the heating assembly 404 
moves in an inferior direction, through the action of the lifter assembly 436, the 
lift pins 442, contact the contact lift plate 444 and remain stationary and 
ultimately, extend above the top surface of the heating disk 416 to separate the 
substrate from the heating disk 416 as it is lowered. A transfer blade is then 
inserted through opening 434 and is positioned between the substrate and the 
heating disk 416. The contact lift plate 444 is then lowered, thereby lowering the 
lift pins 442 and causing the substrate to be lowered onto the transfer blade. 
The substrate can then be removed through the entry port 434 by the transfer 
blade. 

[0044] The mechanism described above may be repeated for subsequent 
substrates. A detailed description of one suitable lifter assembly 436 is 
described in U.S. Patent No. 5,772,773, which is assigned to Applied Materials, 
Inc. of Santa Clara, California. 

[0045]The reactor 400 also includes a temperature indicator (not shown) 
to monitor the processing temperature inside the reaction chamber 408. In one 
example, the temperature indicator can be a thermocouple, which is positioned 
such that it conveniently provides data about the temperature at the surface of 
the heating disk 416(or at the surface of a substrate supported by the heating 
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disk 416). In reactor 400 the temperature of a substrate is slightly cooler, 20- 
30°C than the temperature of the heating disk 416. 

[0046] Figure 4 further illustrate that the reaction chamber 408 is lined 
with a temperature-controlled liner or an insulation liner 409. As mentioned 
above, the chamber body 406 includes the passages 410 for a temperature 
controlled fluid to create the cold-wall chamber effect. The reaction temperature 
inside reaction chamber 408 can be as high as 600°C or even more. With the 
chemistry that is used to form the film in the reaction chamber 408, high 
temperature will easily corrode the chamber body 406 of the reaction chamber 
408. Hence, the chamber body 406 is equipped with the passages 410 for a 
temperature controlled fluid such as water or other coolant fluid that will cool the 
chamber body 406. This will prevent the chamber body 406 from getting too hot 
which will cause the chamber body 406 to be easily corroded. One problem that 
may associate with such a cold-wall chamber is that the areas inside the 
reaction chamber 408 that are in close proximity with the chamber's cold-wall 
tend to experience a sharp drop in temperature. The sharp drop in temperature 
in these areas encourages formation or condensation of particles that are 
undesirable or unfavorable for the silicon comprising films formed in the reaction 
chamber 408. For example, the reaction of HCD and NH3 in a deposition 
process to form a silicon nitride (Si3lM 4 ) film typically causes the formation of 
NH4CI. NH4CI is an undesirable salt by-product that requires cleaning to prevent 
contamination to the Si 3 N 4 being formed. When the temperature drops below 
about 150°C, condensation such as NH4CI will occur. These particles may 
become dislodged from the chamber wall. The dislodged particles form 
nucleation sites for particle formations on the wafer substrates. In one 
embodiment, the reaction chamber 408 is lined with the temperature-controlled 
line 409 to prevent the undesirable condensation of particles. 

[0047] In one embodiment, the temperature-controlled liner 409 is 
coupled to the wall of the chamber body 406 such that the temperature- 
controlled liner 409 only has a few physical contacting points along the wall of 
the chamber body 406. (See for example, contacting points 459 illustrated in 
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Figure 4). Minimizing the physical contacts between the temperature-controlled 
liner 409 and the wall of the chamber body 406 minimizes heat loss to the 
chamber body 406 by minimizing conducting points. 

[0048] A purge gas (e.g., nitrogen) can be fed into the bottom of the 
reaction chamber 408 during deposition to prevent unwanted deposition. 

[0049]The reactor 400 also couples to a pressure regulator or regulators 
(not shown). The pressure regulators establish and maintain pressure in the 
reaction chamber 408. Such pressure regulators are known in the field. The 
pressure regulator(s) that can be used for the exemplary embodiments must be 
able to maintain pressure at a level in the range of about 10 Torr to about 350 
Torr. Alternatively, the reactor 400 may also be coupled to a gas pump-out 
system (not shown), which is well-known in the field to pump gases out of the 
reaction chamber 408. The gas pump-out system (which may include for 
example, throttle valve(s)) can also be used to control the pressure in the 
reaction chamber 408. The reactor 400 also couples to sensors (not shown), 
which monitor the processing pressure within the reaction chamber 408. 

[0050] In one embodiment, a controller or processor/controller 900 is 
coupled to the chamber body 406 to receive signals from the sensors, which 
indicate the chamber pressure. The processor/controller 900 can also be 
coupled to the gas panel 401 system to control the flow of the nitrogen source 
gas, the silicon source gas, and inert and/or purge gas. The processor 900 can 
work in conjunction with the pressure regulator or regulators to adjust or to 
maintain the desired pressure within the reaction chamber 408. Additionally, 
process/controller can control the temperature of the heating disk, and therefore 
the temperature of a substrate placed thereon. Processor/controller 900 
includes a memory which contains instructions in a computer readable format for 
controlling the nitrogen source gas flow, the silicon source gas flow and the inert 
gas flow, as well as the pressure in the chamber and temperature of the heating 
disk within parameters set forth above in order to form a silicon nitride film in 
accordance with the present invention. For example, stored in memory of 
processor/controller 900 are instructions for heating a substrate to a temperature 
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less than or equal to 550°C and instructions for providing a silicon source gas, 
and a nitrogen source gas and/or a silicon/nitrogen source gas into chamber 408 
while heating the substrate to a temperature of less than or equal 550°C t as well 
as instructions for controlling the pressure within chamber 408 to between 10- 
350 torr. 

[0051] The materials for components in the reactor 400 are selected such 
that the exposed components must be compatible with high temperature 
processing of the present invention. The thermal decomposition of the 
precursors or the reactant species of the present invention to form the silicon 
comprising film involves temperature inside the reaction chamber 408 up to as 
high as 600°C. The materials for the components in the reactor 400 should be 
of the types that withstand such high temperature. In one embodiment, the 
chamber body 406 is made out of a corrosion resistant metal such as hard 
anodized aluminum. Such type of aluminum is often expensive. Alternatively, 
the chamber body 406 includes the passages 410 for a temperature-controlled 
fluid to be passed through. The passage of the temperature-controlled fluid 
enables the chamber body 406 to be made out of a very inexpensive aluminum 
alloy or other suitable metal since the passages 410 will keep the chamber body 
406 cool. As mentioned, this is one of the reasons why the reactor 400 is often 
referred to as a cold-wall reactor. To prevent unwanted condensation on the 
cold-wall or the cooled chamber body 406, the temperature-controlled liner 409 
described above can be made out a material that will absorbs the heat radiated 
from the reaction chamber 408 and keeps the temperature of the temperature- 
controlled liner 409 to at least about or greater than 1 50°C or alternatively to at 
least about of greater than 200°C depending on the film forming applications. In 
one embodiment, the temperature-controlled liner 409 needs to be maintained 
at a temperature that is sufficient to prevent unwanted condensation. 

[0052] Additionally, the component materials should also be compatible 
with the process gases and other chemicals, such as cleaning chemicals and 
the precursors that may be introduced into the reaction chamber 408. in one 
embodiment, the exposed surfaces of the heating assembly 404 may be 
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comprised of a variety of materials provided that the materials are compatible 
with the process. For example, the exemplary embodiments in this discussion 
require corrosive chemistry to be applied at high temperatures. The 
components of the heating assembly thus must withstand this environment. In 
one example, the components of the heating assembly are made out of a 
ceramic material such as aluminum nitride (AIN). The heating disk 416 of the 
heating assembly 404 may also be comprised of aluminum nitride material. 

[0053] in one exemplary embodiment/the reaction chamber 408 is 
stabilized using a stabilization gas such as N 2 , He, Ar, or combinations thereof. 
In one example, a manifold is included in the gas panel system 401 which will 
release the stabilization gas into the reaction chamber 408. The stabilization 
gas can have a flow rate ranging from 1,000 seem to 10,000 seem, preferably, 
about 2,000 seem for a reactor 400 having a capacity of 5-6 liters. 

[0054] In an embodiment of the present invention, reactor 400 is coupled 
to a remote plasma generator 801 which generates and provides hydrogen 
radicals to deposition chamber 408. Remote plasma generator 801 includes a 
magnetron 802 which generates microwaves with a microwave source. 
Magnetron 802 can preferably generate up to 10.000 watts of 2.5 Ghz 
microwave energy. It is to be noted that the amount of power required is 
dependent (proportional) to the size of chamber 408. For an anneal chamber 
used to process 300mm wafers, 10,000 watts of power should be sufficient. 
Although a microwave source is used to generate a plasma in apparatus 800, 
other energy sources such as radio frequency (RF) may be used. 

[0055] Magnetron 802 is coupled to an isolator and dummy load 804 
which is provided for impedance matching. The dummy load absorbs the 
reflected power so no reflective power goes to the magnetron head. Isolator 
and dummy load 804 is coupled by a wave guide 806, which transmits 
microwave energy to an autotuner 808. Autotuner 808 consist of an impedance 
matching head and a separate detector module that uses three stepper motor 
driven impedance matching stubs to reduce the reflective power of the 
microwave energy directed to the power source. Autotuner 808 focuses the 
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microwave energy into the center of a microwave applicator cavity (or chamber) 
810 so that energy is absorbed by hydrogen treatment gas fed into the 
applicator cavity 810 by conduit 812. Although an autotuner is preferred a 
manual tuner may be employed. 

[0056] Applicator 810 uses microwave energy received from magnetron 
802 to create a plasma from the hydrogen treatment gas as it flows down 
through a quartz plasma tube located inside applicator 810. A source 814, such 
as a tank, of a hydrogen treatment gas such as but not limited to H 2 and NH 3 
used for generating the hydrogen radicals is coupled to microwave applicator 
810. Additionally, a source of an inert gas such as argon (Ar), or helium (He) 
can also be coupled to applicator 810. A prefire mercury lamp can be used to 
radiate ultraviolet light into the plasma tube to partially ionize the process gases 
and thereby make it easier for the microwave energy to ignite the plasma. 

[0057] The microwave energy from magnetron 802 converts the hydrogen 
treatment gas into a plasma which consist of essentially three components; 
ionized or charged hydrogen atoms, activated (reactive) electrically neutral 
hydrogen atoms, and intermediate hydrogen containing species, all of which for 
the purposes of the present invention constitute "hydrogen radicals". 

[0058] Applicator 810 can be bolted to the lid of apparatus 400. The 
concentrated plasma mixture flows downstream through conduit 814 to chamber 
408. Because the hydrogen radicals are generated at location (chamber 810) 
which is separated or remote from the chamber 408 in which the substrate to be 
annealed is located, the hydrogen radicals are said to be "remotely generated". 

[0059] Remote plasma source 801 can be coupled to processor/controller 
900. Processor/controller 900 can include instructions stored in memory in a 
computer readable format, which controls the operation of remote plasma 
source 801 to achieve the hydrogen radical treatment process described above. 
Instructions can include for example, instructions to control hydrogen treatment 
gas flow rate and power to obtain the desired hydrogen radical flux necessary to 
treat the silicon nitride film, such as a flux between 5x1 0 15 atoms/cm 2 and 1x10 17 
atoms/cm 2 and can also include instructions for controlling the temperature of 
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the heating disk (and therefore the temperature of the wafer) as well as 
instructions to control the pressure within chamber 408 during the hydrogen 
radical treatment process. 

[0060] Additionally, although the present invention has been described 
with respect to utilizing a single wafer apparatus, the deposition and treatment 
processes of the present invention can also be carried out in a semi-batch or 
tube type apparatus, if desired, without departing from the scope of the present 
invention. 

[0061] In an alternative embodiment of the present invention, the low 
temperature silicon nitride deposition process can be carried out in a cluster tool, 
such as cluster tool 500 as shown in Figure 5. Cluster tool 500 includes a 
sealable transfer chamber 502 having a wafer handler 504, such as a robot, 
contained therein. A load lock or a pair of load locks 506 are coupled to the 
transfer chamber 502 through a sealable door to enable wafers to be brought 
into and out of cluster tool 500 by robot 504. Coupled to transfer chamber 502 
by a sealable door is a silicon nitride deposition reactor 508, such as an Applied 
Materials Xgen single wafer, cold wall, thermal chemical vapor deposition 
reactor having a resistive heater. Also coupled to transfer chamber 502 by a 
sealable door is hydrogen radical treatment chamber 510 as shown in Figure 5. 
The hydrogen radical treatment chamber can be for example, a plasma 
chamber, such as a Applied Materials Advanced Strip Passivation Plus (ASP) 
Chamber, a remote plasma chamber, such as Applied Materials Remote Plasma 
Nitridation RPN chamber, or a "hot wire" chamber. Typically, transfer chamber 
502 is held at a reduced pressure and contains an inert ambient, such as N 2 . In 
this way, wafers can be transferred from one chamber (e.g., silicon nitride 
deposition chamber 508) to a second chamber (e.g., hydrogen radical treatment 
chamber) and vice versa without exposing the wafer to an oxidizing ambient or 
to contaminants. Cluster tool 500 can also include a processor/controller 900 as 
described above to control the operation of the silicon nitride deposition reactor 
500 as well as the hydrogen radical treatment chamber 510 to deposit a silicon 
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nitride film as described above and to treat the silicon nitride film with hydrogen 
radicals as described above. 

[0062] In use, a wafer or substrate, such as the wafer shown in Figure 3A, 
is brought into transfer chamber 502 by robot 504 from load lock 506. The wafer 
is transferred into the silicon nitride deposition chamber 508, the door 
therebetween sealed and a silicon nitride film formed thereon with a low 
deposition temperature process. Once a silicon nitride film has been formed 
thereon, the wafer is removed by robot 504 from silicon nitride deposition 
chamber 508 and brought by robot 504 into hydrogen radical treatment chamber 
510. The door between hydrogen radical treatment chamber 510 and transfer 
chamber 502 is then sealed and the silicon nitride film exposed to hydrogen 
radicals as described above. If a thicker silicon nitride film is desired, the wafer 
can be removed from chamber 510 and brought back into silicon nitride 
deposition chamber 508 in order to deposit additional silicon nitride. The wafer 
would once again be removed from silicon nitride deposition chamber 508 and 
brought back into hydrogen radical treatment chamber 510 and treated with 
hydrogen radicals once again. The wafer can be continually transferred 
between the deposition chamber 508 and the treatment chamber 510 until a 
silicon nitride film of the desired thickness and quality is obtained. Once a 
substantially thick silicon nitride layer is formed, the wafer is removed from 
cluster tool 500. 

[0063] Thus, a method and apparatus for depositing and treating a high 
quality silicon nitride film at a low deposition temperature has been described. 
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IN THE CLAIMS 
We claim: 

1 . A method of forming a silicon nitride film comprising: 
heating a substrate to a temperature of 550°C or less; 

thermally decomposing a silicon/nitrogen containing source gas or a 
silicon containing source gas and a nitrogen containing source gas to form a 
silicon nitride film on said substrate while heating said substrate to a 
temperature of 550°C or less; and 

treating said silicon nitride film with hydrogen radicals. 

2. The method of claim 1 wherein said hydrogen radicals are formed by 
plasma decomposition of a hydrogen containing source gas. 

3. The method of claim 2 wherein said hydrogen containing source gas 
comprises ammonia (NH 3 ). 

4. The method of claim 3 wherein said hydrogen containing source gas 
further comprises hydrogen gas (H 2 ). 

5. The method of claim 2 wherein said hydrogen containing source gas 
comprises H 2 . 

6. The method of claim 5 wherein an inert gas selected from the group 
consisting of nitrogen gas (N 2 ), argon (Ar) and helium (He) is provided with said 
hydrogen containing source gas. 

7. The method of claim 2 wherein said plasma decomposition of said source 
gas occurs in a chamber remote from the chamber in which said silicon nitride 
film is treated with hydrogen radicals. 
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8. The method of claim 1 wherein said treatment of said silicon nitride film 
with said hydrogen radicals occurs at a pressure between 100 mTorr and 5 Torr. 

9. The method of claim 1 wherein said silicon nitride film has a chlorine 
concentration of greater than 1 .0 atomic percent prior to treating said film and 
less than 1 .0 atomic percent after treating said film. 

10. The method of claim 1 wherein said silicon nitride film has a carbon 
concentration of greater than 10 atomic percent prior to treating said film and a 
carbon concentration of less than 5 atomic percent after treating said film. 

1 1 . The method of claim 1 wherein said thermal decomposition temperature 
is less than 500°C. 

12. The method of claim 1 wherein said silicon nitride film is formed at a 
deposition rate of greater than 100A per minute. 

13. The method of claim 1 wherein said silicon nitride film is formed to a 
thickness of less than 150A prior to treating with said hydrogen radicals. 

14. The method of claim 1 wherein said silicon nitride film has a hydrogen 
concentration of greater than 15 atomic percent prior to said hydrogen radical 
treatment. 

15. The method of claim 1 wherein said silicon containing source gas or said 
silicon/nitrogen containing source gas includes a first silicon atom bonded to a 
second silicon atom by a single bond and a chlorine (CI) atom or a nitrogen (N) 
atom bonded to said first silicon atom and a chlorine atom or a nitrogen atom 
bonded to said second silicon atom. 
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16. The method of claim 1 wherein said silicon containing source gas or said 
silicon/nitrogen containing source gas includes a first silicon atom bonded by a 
single bond to a second silicon atom and wherein the other three bonds of each 
of said silicon atoms are bonded to either a nitrogen atom or a chlorine atom. 

17. The method of claim 1 wherein said silicon source gas or said 
silicon/nitrogen source gas includes an organo group bonded to a nitrogen atom 
bonded to a first silicon atom having a single bond with a second silicon atom. 

18. The method of claim 1 wherein said silicon containing source gas or said 
silicon/nitrogen containing source gas includes a chlorinated or non-chlorinated 
organo amino-di or mono-silane R2N-Si(R , 2 )-Si x (R , 2 )y-NR2 (x=y=0 or 1; R,R* = 
any combination of CI, or methyl, or ethyl, or iso=propyl, or other alkyl groups, or 
another alkyamino group, or cyclic group containing N, or a silyl group). 

19. The method of claim 18 wherein said silicon containing source gas or 
said silicon/nitrogen containing source gas is selected from the group consisting 
of 1,2-diethyl-tetrakis (diethylamino) disilane, 1 ,2-dichloro-tetrakis (diethylamino) 
disilane, and hexakis (N-pyrrolidinio) disilane. 

20. The method of claim 1 wherein said silicon containing source gas is 
hexachlorodisilane (HCD). 

21 . The method of claim 1 further comprising forming a second silicon nitride 
film onto said treated silicon nitride film by thermally decomposing a 
silicon/nitrogen containing source gas or a silicon containing source gas and a 
nitrogen containing source gas; and 

treating said second silicon nitride film with hydrogen radicals. 

22. The method of claim 21 further comprising forming a third silicon nitride 
film on said second treated silicon nitride film by thermally decomposing a 
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silicon/nitrogen containing source gas or a silicon containing source gas and a 
nitrogen containing source gas; and 

treating said third silicon nitride film with hydrogen radicals. 

23. The method of claim 1 wherein said silicon nitride film is treated with 

15 2 17 2 

hydrogen radicals at a flux between 5x10 atoms/cm - 1 x10 atoms/cm . 

24. The method of claim 23 wherein the pressure while treating said silicon 
nitride film with said hydrogen radicals is between 100 mTorr-5 Torr. 

25. The method of claim 1 wherein the pressure in said chamber while 
forming said silicon nitride film is between 10-350 Torr. 

26. The method of claim 1 wherein said deposited silicon nitride film is 
treated for between 15-120 seconds. 

27. The method of claim 1 wherein said silicon nitride deposited film is 
treated with hydrogen radicals at a temperature between 450-600°C. 

28. The method of claim 14 wherein after treating said silicon nitride film, said 
silicon nitride film has a hydrogen concentration of less than 10 atomic percent. 

29. The method of claim 1 wherein prior to treating said silicon nitride film 
with hydrogen radicals, said silicon nitride film having a refractive index of less 
than 1.85. 

30. The method of claim 29 wherein after treating said silicon nitride film with 
hydrogen radicals, said silicon nitride film having a refractive index of greater 
than or equal to 1 .90. 
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31 . The method of claim 1 wherein prior to treating said silicon nitride film 
with hydrogen radicals, said silicon nitride film has an etch rate of more than two 
times that of silicon oxide utilizing a buffered oxide etch. 

32. The method of claim 31 wherein after treating said silicon nitride film with 
hydrogen radicals, said silicon nitride film has an etch rate of approximately the 
same as the etch rate of silicon oxide utilizing a buffered oxide etch. 

33. A method of forming a silicon nitride film comprising: 
depositing a silicon nitride film by thermally decomposing a 

silicon/nitrogen containing source gas or a silicon containing source gas and a 
nitrogen containing source gas at a temperature of less than 550°C and at a 
deposition rate of greater than 1 00A per minute to a thickness of less than 
150A; and 

treating said deposited silicon nitride film with hydrogen radicals formed 
by plasma decomposition of a hydrogen containing gas to form a treated silicon 
nitride film. 



34. The method of claim 33 wherein said silicon containing source gas or said 
silicon/nitrogen containing source gas is selected from the group consisting of an 
organo-di- or mono-silane or an organoamino-di or mono-silane. 

35. The method of claim 33 wherein said hydrogen containing source gas 
comprises ammonia (NH 3 ). 

36. The method of claim 33 wherein said hydrogen containing source gas 
comprises hydrogen gas (H 2 ). 

37. The method of claim 33 wherein said hydrogen containing source gas 
comprises ammonia (NH 3 ) and hydrogen (H 2 ). 
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38. The method of claim 33 wherein said deposited silicon nitride film is 

15 2 

treated with hydrogen radicals having a flux of between 5x10 atoms/cm - 1 

17 2 
x10 atoms/cm . 

39. The method of claim 33 wherein prior to treating said deposited silicon 
nitride film with hydrogen radicals, said silicon nitride film has a hydrogen 
concentration of greater than 15 atomic percent significantly in Si-H forms and 
wherein after treating said deposited silicon nitride film with hydrogen radicals, 
said treated silicon nitride film has a hydrogen concentration of less than 10% 
and substantially reduced Si-H bonds. 

40. The method of claim 33 wherein said plasma decomposition occurs in a 
chamber remote from said chamber in which said silicon nitride film is treated 
with hydrogen radicals. 

41 . The method of claim 33 wherein said silicon nitride film is treated within 
the same chamber in which it is deposited. 

42. A method of forming a silicon nitride film comprising: 

depositing a silicon film by thermally decomposing a silicon/nitrogen 
containing source gas or a silicon containing source gas and a nitrogen 
containing source gas wherein said silicon containing source or said 
silicon/nitrogen containing source gas includes chlorine and carbon; and 

treating said deposited silicon nitride film with hydrogen radicals formed 
by plasma decomposition of a hydrogen containing gas to form a treated silicon 
nitride film. 

43. A method for forming a silicon nitride film comprising: 
depositing a silicon nitride film by thermally decomposing a 

silicon/nitrogen containing source gas or a silicon containing source gas and a 
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nitrogen containing source gas wherein after depositing said silicon nitride film 
said silicon nitride film has a hydrogen concentration of greater 15 atomic 
percent and a carbon concentration of greater than 10 atomic percent; and 

treating said deposited silicon nitride film with hydrogen radicals until said 
silicon nitride film as a hydrogen concentration of less than 10 atomic percent 
and a carbon concentration of less than 5 atomic percent. 

44. The method of claim 43 wherein said silicon nitride film has chlorine 
concentration of greater than 1 .0 atomic percent prior to treating said film and 
less than 1 .0 atomic percent after treating said film. 

45. An apparatus for forming a silicon nitride film comprising: 

a substrate support located in a chamber for holding a substrate; 

a heater for heating a substrate placed on said substrate support; 

a gas inlet for providing a process gas mix comprising a silicon source 
gas and a nitrogen source gas and/or a silicon/nitrogen source gas into said 
chamber; 

means for generating hydrogen radicals from a hydrogen containing gas; 

and 

a processor/controller for controlling the operation of said apparatus 
wherein said processor/controller includes a memory having a plurality of 
instruction for heating a substrate placed on said substrate support to a 
temperature of less than 550°C, and for providing a silicon containing source 
gas and a nitrogen containing source gas or a silicon/nitrogen containing source 
gas into said chamber while heating said substrate to form a silicon nitride film 
on said substrate, and instructions for controlling said means for generating 
hydrogen radicals for treating said silicon nitride film with hydrogen radicals. 



31 



BNSDOCID: <WO 20040597O7A2_l_> 



WO 2004/059707 



PCT/US2003/040586 



100 



DEPOSIT SILICON 
NITRIDE FILM AT 
LOW TEMPERATURE 
ONTO SUBSTRATE 



TREAT DEPOSITED 
SILICON NITRIDE 
FILM WITH 
HYDROGEN RADICALS 



FIG. 1 

( 



BNSDOCID: <WO 200405S707A2 J_> 





WO 2004/059707 



PCT/US2003/040586 



2/5 



200 



PLACE SUBSTRATE 
IN CHAMBER 



202 



201 



OBTAIN PROCESS 
TEMPERATURE 
AND PRESSURE 



204 



1 


r 


INTRODUCE 
PROCESS GAS 
MIX 




r 


THERMALLY DECOMPOSE 
PROCESS GAS MIX TO 
DEPOSIT SILICON 
NITRIDE FILM 




r 



206 



208 



NITROGEN GAS 
TREATMENT 
(OPTIONAL) 



210 



HYDROGEN 
RADICAL 
TREATMENT 



212 



FIG. 2 



WO 2004/059707 



PCT/US2003/040586 



3/5 



306 



300 

s 



^310 ^304 V — £ 



310 



302 



FIG. 3A 



300 




'ZZZZZEZ2. 



FIG. 3B 




FIG. 3C 



_2004059707A2J_> 



WO 2004/059707 



PCT/US2003/040586 



4/5 




_20040597O7A2_l_> 



WO 2004/059707 



PCT/US2003/040586 



5/5 



500 



J 





LOAD 


LOAD 


LOCK 


LOCK 



506 



FIG. 5 



BNSDOC1D: <WO 2O04O59707A2J_> 



THIS 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 

(43) International Publication Date 
15 July 2004 (15.07.2004) 




PCT 



111 


III 


Illl 


mini 


illinium 


lUlllllli 



(10) International Publication Number 

WO 2004/059707 A3 



(51) International Patent ClassiGcation 7 : 
16/56, H01L 21/30 



(21) International Application Number: 

PCT/US2003/040586 



(22) International Filing Date: 

1 8 December 2003 (18.1 2.2003 ) 



C23C 16/34, (81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, CO, CR, 
CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, Fl, GB, GD, 
GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, 
KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, 
MW, MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, 
SC, SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA, 
UG, UZ, VC, VN, YU, ZA, ZM, ZW. 



(25) Filing Language: 

(26) Publication Language: 
(30) Priority Data: 



English 
English 



10/327,467 



20 December 2002 (20. 12.2002) US 



(71) Applicant: APPLIED MATERIALS, BSC. [US/US}; 
P.O. Box 450A, Santa Clara, CA 95052 (US). 

(72) Inventors: WANG, Shulin; 959 Steinway Avenue, Camp- 
bell, CA 95008 (US). SANCHEZ, Errol, Antonio, C; 
5291 Gilford Court, Dublin, CA 94658 (US). CHEN, Ai- 
hua; 2278 Quail Bluff Place, San Jose, CA 95121 (US). 



(84) Designated States (regional): ARIPO patent (B W, GH, 
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, SE, 
SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, 
GN, GQ, GW, ML, MR, NE, SN, TD, TO). 

Published: 

— with international search report 

— before the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 
amendments 

(88) Date of publication of the international search report: 

2 September 2004 



(74) Agents: BERNADICOU, Michael, A. et a].; Blakely, 
Sokoloff, Taylor & Zafman LLP, 12400 Wilshire Boule- 
vard, 7th Floor, Los Angeles, CA 90025 (US). 



For two -letter codes and otfier abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: 
FILM 



A METHOD AND APPARATUS FOR FORMING A HIGH QUALITY LOW TEMPERATURE SILICON NITRIDE 



< 



OS 



o 



DEPOSIT SILICON 
NITRIDE FILM AT 
LOW TEMPERATURE 
ONTO SUBSTRATE 



TREAT DEPOSITED 
SILICON NITRIDE 
FILM WITH 
HYDROGEN RADICALS 



102 



(57) Abstract: A method of forming a silicon nitride film 
1 00 1S ^ escr *bed. According to the present invention, a silicon 

nitride film is deposited by thermally decomposing a sili- 
con/nitrogen containing source gas or a silicon containing 
source gas and a nitrogen containing source gas at low de- 
position temperatures (e.g., less than 550°C) to form a sil- 
icon nitride film. The thermally deposited silicon nitride 
film is then treated with hydrogen radicals to form a treated 
silicon nitride film. 



104 



BNSDOCIO: <WO_ 



_2004059707A3_I_> 



• 


In^^ational Application No 






ref/US 03/40586 


* 

> 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 C23C16/34 C23C16/56 H01L21/30 



According to International Patent Classification (IPC) or to both national classification and IP C 
B. FIELDS SEARCHED ~~ 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 C23C 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

EPO-Internal , WPI Data, PAJ, IBM-TDB, INSPEC, COMPENDEX 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



MASAKIYO MATSUMURA, OSAMO SUGIURA: 
"low-temperature chemical -vapor deposition 
of amorphous semiconductors and 
insul ators" 

MATERIAL RESEARCH SOCIETY, 

vol. 297, 1993, pages 109-120, XP008031520 

page 115; figure 12 



1-6,11 



PATENT ABSTRACTS OF JAPAN 
vol. 0112, no. 37 (E-528), 

4 August 1987 (1987-08-04) 

& JP 62 051264 A (HITACHI LTD), 

5 March 1987 (1987-03-05) 
abstract 

US 6 324 439 Bl ( YAU WAI-FAN ET AL) 
27 November 2001 (2001-11-27) 
the whole document 



-/- 



1-6,11 



45 



E 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



° Special categories of cited documents : 

"A* document defining the general state of the art which is not 
considered to be of particular relevance 

•E* earlier document but published on or after the international 
filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

'O' document referring to an oral disclosure, use, exhibition or 
other means 

*P" document published prior to the international filing date but 
later than the priority date claimed 



T later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y* document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 

18 June 2004 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patent laan 2 
NL - 2280 HV Rijswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 



Date of mailing of the international search report 

30/06/2004 



Authorized officer 



Castagne, C 



Form PCT/ISA/210 (second sheet) (January 2004) 



BNSDCX:iD. <WO 2004059707A3_I_> 



IN I t HIM A I IUIM ML btAHUII HfcHUH I 



In^national Application No 

FWUS 03/40586 



C .(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation ol document, with indication, where appropriate, ot the relevant passages 



Relevant to claim No. 



PATENT ABSTRACTS OF JAPAN 
vol. 0172, no. 41 (E-1364), 

14 May 1993 (1993-05-14) 

& JP 4 365379 A (FUJI ELECTRIC CO LTD), 
17 December 1992 (1992-12-17) 
abstract 

US 5 273 920 A (KWASNICK ROBERT F ET AL) 
28 December 1993 (1993-12-28) 
column 4, lines 25-30 

US 4 857 140 A (LOEWENSTEIN LEE M) 

15 August 1989 (1989-08-15) 
abstract 



1-45 



US 5 591 494 A (SATO TATSUYA 
7 January 1997 (1997-01-07) 
the whole document 



ET AL) 



M. YAMAGUCHI, K YATABE, H 0HTA: "the 
effect of hydrogen plasma on the 
properties of a-Si :/a-Si 1-xNx: H 
superlattices" 

PHILOSOPHICAL MAGAZINE LETTERS, 

vol. 58, no. 4, 1988, pages 213-218, 

XP008031522 

page 214, lines 1-20 



17,18 



1,12,21, 
22 



Form PCTVISA/210 (continuation ot second sheet) (January 2004) 



BNSDOCIQ <WO 2OO4059707A3J_> 



Information on patent family members 



Patent document 




Publication 




Patent family 




Publication 


cited in search report 




date 




1 1 jtriiiuei \o) 






.IP fiPORI 

or ocuoi^uH 


A 


nc n^— 1 Q07 

ub-uo— ly©/ 


ID 


2010327 


C 


02-02-1996 










5066747 


B 


22-09-1993 


UO \Jv)l4 *t O «7 


D 1 




L . 




A 


04-07-2000 








Ut 


oyol/^bl 


Dl 


25-09-2003 








Ut 


oyol/2bl 


TO 

T2 


09-06-2004 








EP 


0877098 


Al 


11-11-1998 








JP 


11067745 


A 


09-03-1999 








TW 


401461 


B 


11-08-2000 








US 


6209484 


Bl 


03-04-2001 


JP 4365379 


A 


17-12-1992 


NONE 








US 5273920 


A 


28-12-1993 


NONE 










A 
M 


i c no i non 




4820378 


A 


11-04-1989 










AO A ^770 

4844773 


A 


04-07-1989 


US 5591494 


A 


07-01-1997 


JP 


2641385 


B2 


13-08-1997 








JP 


7106256 


A 


21-04-1995 








US 


5508067 


A 


16-04-1996 








EP 


0661386 


Al 


05-07-1995 



In^national Application No 



m. 



/US 03/40586 



Form PCT/1SA/210 (patent family annex) (January 2004) 



BNSDOCID: <WO 20040 597 07A3J_> 



